In this paper effect of the orientation of the main crystallographic axes on the piezoelectric anisotropy and hydrostatic parameters of 2-2 parallel-connected single crystal (SC) / auxetic polymer composites is analysed. SCs are chosen among the perovskite-type relaxor-ferroelectric solid solutions of (1 -x)Pb(Zn
INTRODUCTION
Piezo-active composites based on perovskite-type single crystals (SCs) of solid solutions of relaxor-ferroelectrics with high piezoelectric activity show outstanding electromechanical properties [1] [2] [3] that enable effective conversion of mechanical energy into electric energy and vice versa. In the last decade the effective electromechanical properties and related parameters have been studied in these materials to determine the optimum applications of the composites in piezoelectric transducer, sensor, hydroacoustic, medical, and energy-harvesting applications. The opportunity here is to further improve the performance by creating composites based on relaxor-ferroelectric SCs with optimum crystallographic orientation. These effects have been studied for SC / polymer composites with 2-2 4-6 and 1-3 7 connectivity patterns (in terms of work 8 by Newnham et al.) and enabled the improvement of hydrostatic parameters by optimising the rotations of the main crystallographic axes of the SC component. The relaxor-ferroelectric SC systems of particular interest as a potential component of advanced composites are domain-engineered samples poled along [011] of the perovskite unit cell. Full sets of electromechanical constants have been measured on the [011]-poled SCs of (1 -x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-xPT) 9, 10 , (1 -x)Pb(Z 1/3 Nnb 2/3 )O 3 -xPbTiO 3 (PZN-xPT) 11, 12 and xPb(In 1/2 Nb 1/2 )O 3 -yPb(Mg 1/3 Nb 2/3 )O 3 -(1 -x -y)PbTiO 3 (PIN-x-y) 13 from the mm2 symmetry class. In this paper we consider examples of 2-2 composites based on the [011]-poled relaxor-ferroelectric SCs to demonstrate the piezoelectric anisotropy and hydrostatic performance of the composites. 
MODEL CONCEPTS AND AVERAGING PROCEDURE

Piezo-active 2-2 composites
It is assumed that the piezo-active 2-2 composite represents a system of parallel-connected SC and the polymer layers form a regular laminar structure (Fig. 1) . The main crystallographic axes X, Y, and Z of each single-domain SC layer in the initial state are parallel to the co-ordinate axes OX j as follows: X || OX 1 , Y || OX 2 and Z || OX 3 . This means that rotation angles in the initial state obey the conditions α = 0° (inset 1 in Fig. 1 ), β = 0° (inset 2 in Fig. 1 ) and γ = 0° (inset 3 in Fig. 1 ). Hereafter we consider independent rotations that are described in terms of one of the aforementioned angles, α, β or γ. Such modes of rotation make it possible to maintain a polydomain state in the SC layer. It is assumed that at these rotations, the spontaneous polarisation vectors of domains P s,1 , P s,2 etc. in the SC layer (insets 1-3 in Fig. 1 ) are situated either over or in the (X 1 OX 2 ) plane. Hereby the rotation angles obey inequalities
-45° ≤ β ≤ 45° and 0° ≤ γ ≤ 360°. The electromechanical properties of the SC on rotation of its main crystallographic axes are determined in the (X 1 X 2 X 3 ) system by taking into account the rotation matrices and tensor ranks of the properties. Figure 1 . Schematic of the 2-2 SC / polymer composite. (X 1 X 2 X 3 ) is the rectangular co-ordinate system of the composite sample. α, β and γ are angles of rotation of the main crystallographic axes X, Y and Z (insets 1-3) in each SC layer. P s1 , P s2 , … are spontaneous polarisation vectors of domains in each SC layer.
Averaging procedure
The effective electromechanical properties of the 2-2 composite are predicted on the basis of the matrix approach 3 that is applied to composites with planar microgeometry. The 9 × 9 matrix of the effective properties of the composite is represented in the rectangular co-ordinate system (X 1 X 2 X 3 ) as
where || s *E || is the 6 × 6 matrix of elastic compliances at electric field E = const, || d * || is the 3 × 6 matrix of piezoelectric coefficients, || ε *σ || is the 3 × 3 matrix of dielectric permittivities measured at mechanical stress σ = const, and superscript "t" denotes the transposed matrix. The || C * || matrix from Eq. (1) is determined by averaging the electromechanical properties of the components 3 based on the volume fraction m and given by
where || C (1) || and || C (2) || are matrices of the electromechanical properties of the SC and polymer, respectively, || M || is concerned with the electric and mechanical boundary conditions at interfaces x 1 = const (Fig. 1) , || I || is the identity 9 × 9 matrix, and || C (n) || has a form similar to that shown in Eq. (1). The || M || matrix from Eq. (2) is written as || M || = || m 1 || -1 || m 2 ||, where 
is represented in terms of the electromechanical constants of either SC (n = 1) or polymer (n = 2) in accordance with the boundary conditions at x 1 = const.
Effective parameters of the composite
Based on matrix elements of || C * || from Eq. (2) it is possible to determine the volume-fraction (m) and orientation (α, β or γ) dependences of effective parameters of the 2-2 composite. Of interest for a variety of applications are (i) electromechanical coupling factors
(j = 1, 2 and 3) and their hydrostatic analog
(ii) anisotropy factors
, and ζ k32 = * 33
and (iii) squared figures of merit
Electromechanical coupling factors g .
The hydrostatic elastic compliance (2). Electromechanical constants of the SC and polymer components are listed in Table 1 . As a comparison, we choose two SC compositions that are very different in terms of the anisotropy of their elastic and piezoelectric properties. Among the polymer components of interest, we choose an auxetic polyethylene (with a Poisson's ratio equal to -0.83) 18 . In recent work 6 Table 2 a wide range of volumefractions (m) and orientations (γ) wherein conditions (9) and (10) are valid simultaneously.
The strong elastic anisotropy of the PIN-0.27-0.40 SC influences ζ k3j stronger than ζ d3j , and this influence leads to a narrower range of γ (see Table 2 ). This angle is associated with the rotation of the main crystallographic axes about Z (or the co-ordinate axis OX 3 in Fig. 1 ), and such a rotation mode strongly influences Table 2 . This means that the large piezoelectric anisotropy of the PIN-0.27-0.40-based 2-2 composite is a result of the orientation effects of the crystallographic axes, the considerable elastic anisotropy of the SC component and the negative Poisson's ratio of the polymer component. 
Squared Figures of Merit
The obvious anisotropy of the piezoelectric coefficients (Fig. 1) along the different co-ordinate axes OX j . (9) and (10) g are observed at γ = 90° and 0 < m < 0.01 (Fig. 3) . The small volume fractions m of SC allow the composite to reach high piezoelectric sensitivity (increasing Fig. 4 ).
An important observation is the large values of (
2 when varying the rotation angle γ (Fig. 4, c) . In Section 3.1 we mentioned the role of the rotation mode (see inset 3 in Fig. 1 ) in producing a large piezoelectric anisotropy. In this case the inequality
takes place in a wide range of γ (cf. curves 3 and 4 in Fig. 4, c) , and max( 
CONCLUSION
In the present paper we have analysed the performance of the 2-2 composites based on relaxor-ferroelectric SCs poled along [011] of the perovskite unit cell. Various orientations of the main crystallographic axes in the SC layers (see insets 1-3 in Fig. 1 ) have been analysed to study the polarisation orientation effect on the piezoelectric anisotropy and hydrostatic response of the composites. Changes in the piezoelectric anisotropy of the SC component due to the polarisation orientation effect influence the anisotropy factors (5) of the composite. An additional influence is caused by the auxetic polymer component with a negative Poisson's ratio that is important for a re-distribution of internal mechanical and electric fields in the composite structure. The anisotropy of the piezoelectric coefficients Table 2 ). The anisotropy factors obeying conditions (9) and (10) as well as validity of condition (11) are of interest for a variety of hydroacoustic applications.
In conclusion, the high performance of the 2-2 SC / polymer composites studied in this paper is highly dependent on the orientation of the main crystallographic axes in the SC layers, and the anisotropy factors, squared figures of merit and hydrostatic parameters of these composites vary at different rotation modes and in wide volume-fraction ranges.
